Introduction
Schizophrenia is a unique human disorder comprising a complex array of neurophysiological, neurochemical, and psychological disturbances. Adding to this complexity is the existence of both ''positive'' symptoms, such as psychotic ideation and sensory hallucinations, and ''negative'' symptoms, such as apathy, anhedonia, and social isolation. 1, 2 At the core of many of these manifestations of schizophrenia lies a fundamental disturbance in emotional processing, perception, and regulation. Indeed, our seemingly effortless ability to make sense of the constant sensory information entering our brains depends upon our capacity to place this information in its appropriate emotional context. However, in addition to performing adaptive emotional contextualization, our brains need to form learned associations between sensory cues in our environments and their associated emotional meanings. These conditioned associations form memories upon which our future behavioral responses and cognitive patterns are determined. When these processes go awry, sensory stimuli within our environments may trigger maladaptive emotional or motivational responses eventually leading to psychotic ideation and/or delusions based upon these faulty conditioned associations and memories. Patients suffering with schizophrenia often assign inappropriate emotional significance (either abnormally potentiated or severely blunted) to sensory stimuli in their environments that healthy individuals would be able to appropriately perceive and emotionally contextualize. When the brain does not properly process the emotional meaning of sensory stimuli, it becomes inherently difficult to perform adaptive motivated behaviors in response to those stimuli, in present or future contexts.
Given the interrelationship between emotional learning, memory, and motivation, is there a common neurobiological system which may account for the deficits in these psychological processes underlying the bewildering array of schizophrenia-related symptoms? Considerable evidence from both the animal and human neuroscience literature implicates disturbances in the functional balance between dopaminergic (DAergic) signaling pathways, subcortical brain regions (such as the hippocampus [HC] , amygdala, thalamus, striatum, and midbrain), and cortical structures (such as the medial and lateral prefrontal regions and cingulate cortex). In this review, research examining the role of the catecholamine neurotransmitter DA in the processing of emotion, motivation, and sensory processing will be considered. In this context, I will focus primarily on 4 interconnected brain regions that have been consistently implicated in the processing of emotional sensory information, motivational control, and emotional associative learning: the prefrontal cortex (PFC), basolateral amygdala (BLA), ventral tegmental area (VTA), and the nucleus accumbens (NAcc). I will compare and contrast evidence from recent theories and research discoveries suggesting that the underlying emotional processing disturbances observed in schizophrenia may be related to a dysregulation of DA systems within these interconnected cortical-subcortical neural circuits. In addition, the role of this neural circuitry in the processing and encoding of emotional information and how disturbances in DA regulation of these emotional learning circuits may underlie the aberrant emotional and motivational processing present within the schizophrenic syndrome are also discussed.
The Role of DA in Emotional Processing, Learning, and Motivation: Anatomical and Functional Considerations
The neurotransmitter DA has received perhaps the greatest amount of basic research attention in the context of emotional and motivational regulation.
3 At the pharmacological level, DA receptors are broadly classified into 2 families: the D1 like (comprising D1 and D5 subtypes) and D2 like (comprising D2, D3, and D4 subtypes). 4 While DA receptors are found throughout the nervous system, they demonstrate high concentrations within the brain's limbic regions, basal ganglia, and frontal cortical areas, all of which are involved importantly in emotional and motivational regulation. At the systems level, the A10 DAergic neurons located within the midbrain VTA and their associated efferent targets in the NAcc (the mesolimbic pathway) and the PFC (the mesocortical pathway) have been the focus for decades of research, revealing critical roles for both these DAergic systems in the processing and regulation of emotion and motivation. 3, [5] [6] [7] The mesolimbic pathway, in particular, has been implicated as a critical neural system for the processing of motivationally salient information, including both drugs (opiates, nicotine, cocaine, alcohol, cannabinoids, and amphetamine) and naturally appetitive stimuli. 5, [7] [8] [9] [10] [11] In terms of emotional processing and perception, functional neuroimaging studies in human subjects have consistently demonstrated that the amygdala, PFC, VTA, and striatal regions (including the NAcc) are activated by emotionally salient sensory cues, including both ''rewarding'' and ''aversive'' emotional events. [12] [13] [14] [15] [16] [17] [18] Whereas early theories about the role of DA transmission in emotional processing proposed that DA represented a neurochemical transducer of reward or ''pleasure,'' continuing evidence in both human and animal research implicates DA transmission in the processing of the rewarding and aversive stimulus properties of various drugs and other emotionally salient stimuli. 6, 10 For example, DAergic midbrain neurons increase firing in response to aversive stimuli, such as tail pinch or other stressors, 6 and increase responding in response to primary, conditioned, or secondary rewards 19 and novel or unpredicted stimuli. 20, 21 The general response patterns of DAergic neurons to salient stimuli, regardless of valence, has suggested that DA transmission may encode the emotional or motivational ''salience'' of primary or conditioned stimuli. 22, 23 Thus, rather than being involved exclusively in either the rewarding or aversive emotional encoding of specific stimulus information, the role of DA transmission in the context of emotional processing, learning, and memory appears far more ubiquitous than previously thought. Furthermore, this more global role for DA transmission in modulating emotional processing would suggest that fundamental disturbances in DA transmission, particularly within neuronal emotional learning and memory circuits, could have profound effects on affective regulation, possibly leading to global distortions in emotional processing and perception. As will be discussed presently, recent evidence from basic animal research and human neuroimaging studies is pointing to this conclusion.
DA Modulation of Emotional Processing, Learning, and Plasticity: Implications for Schizophrenia
The DA hypothesis of schizophrenia posits that excessive DA transmission, primarily within forebrain regions, is responsible for the psychotic symptoms of schizophrenia. [24] [25] [26] This conclusion is based on several compelling pieces of evidence. First, clinical evidence has consistently demonstrated the efficacy of DA D2 receptor-blocking drugs in the treatment of schizophrenia-related psychosis. [24] [25] [26] Second, excessive DA transmission in human schizophrenics is suggested by neuroimaging studies which have found that patients with schizophrenia display greater amphetamine-induced potentiation of striatal synaptic DA levels. 27, 28 Finally, reports from both human and animal research demonstrate that addictive, psychostimulant drugs, such as amphetamine, which strongly potentiate DA transmission, can induce psychotic states that are virtually indistinguishable from those observed in patients with schizophrenia. 29, 30 Furthermore, these drugs can worsen or precipitate psychotic episodes in these patients. 31, 32 Nevertheless, there are several pieces of evidence that are inconsistent with the DA hypothesis of schizophrenia. For example, little direct evidence suggests a primary pathology in DA neurotransmission in schizophrenia, or for pathological alterations in the levels of DA or DA receptors that can be confirmed without the potential confound of long-term medication S. R. Laviolette artifacts. 33 Despite this, the efficacy of neuroleptic medications in the treatment of schizophrenia-related psychosis is tightly linked to their ability to block DA D2 receptors. 24 As previously discussed, DA transmission has been demonstrated to strongly modulate emotional and motivational processing within the mesolimbic pathway. However, beyond this system, various studies focusing specifically on the amygdala-prefrontal cortical circuit have demonstrated that the PFC and amygdala regions are involved importantly in emotional processing and regulation for a wide array of emotionally and motivationally salient events. [34] [35] [36] [37] [38] [39] [40] For example, both regions show strong activation following the presentation of emotionally salient stimuli such as visual representations of emotional expressions in human faces or disturbing imagery. 36, 41, 42 Patients with schizophrenia show attenuated activation in the amygdala-cortical circuit following emotional stimulus presentations, suggesting that deficits in emotional perception and processing observed in these patients may be related to a disturbance in this emotional processing circuit. 41, 42 Within the frontal cortex, abnormal neuronal activity is associated with psychotic symptoms in patients with schizophrenia 43 ,44 that appears to be related to disturbed DAergic transmission. 45, 46 In nonhuman primates, the PFC is involved in the generation of hallucinatory-like behaviors, 47 and in patients with schizophrenia, functional magnetic resonance imaging studies report that frontal cortical regions are activated during auditory hallucinations [48] [49] [50] and during the occurrence of positive schizophrenia-related symptoms. 43 Beyond the level of functional neuroimaging, more detailed electrophysiological studies have demonstrated the role of single neurons within both the PFC and amygdala in the active encoding and expression of learned emotional conditioned associations. For example, when an emotionally salient event such as an electric foot shock is paired with a sensory cue, such as a tone, light, or olfactory stimulus [51] [52] [53] [54] neurons in either of these regions, will increase their firing rates specifically in response to the associatively conditioned cue. The ability of single neuron within the PFC and amygdala to encode emotional associative learning is dependent upon signaling through DA receptors, 51, 53 and emotional processing within PFC neurons is strongly modulated by cannabinoid receptor signaling system, 34,52 a neurotransmitter system that functionally interacts with DA receptor substrates. 34 In addition to a role in encoding emotional memory associations, subpopulations of neurons within the rodent PFC also signal the extinction or ''unlearning'' of emotionally salient learned associations and can regulate the activity and associative encoding of amygdalar neurons during emotional learning tasks. [55] [56] [57] [58] [59] Together, this evidence demonstrates a fundamental role for the amygdala-prefrontal cortical circuit in the processing of emotional information. Given the structural and functional abnormalities observed in patients with schizophrenia, how disturbances in DA signaling might lead to aberrant emotional processing? As will now be discussed, increasing evidence shows important implications for functional interactions between cortical and subcortical emotional processing centers and suggests that disturbed DA transmission within this circuitry may underlie these symptom patterns in schizophrenia.
DA Modulation of Cortical and Subcortical Functional Interactions: Implications for Emotional Processing
A functional role for DA neurotransmission in emotional processing extends to interconnected cortical and subcortical neural regions. Thus, the PFC, amygdala, VTA, and NAcc all share critical functional connections, which are neither fully understood nor completely characterized at the anatomical, neurochemical, and functional levels. In figure 1 , a simplified schematic is presented demonstrating some of the known functional connections between these neural regions and their hypothesized roles in emotional processing, learning, and memory encoding. While a detailed review of these connections is beyond the scope of this review, some of these connections have important implication for DAergic regulation of cortical-subcortical emotional regulatory processes. For example, in addition to the well-established DAergic VTA projection to the NAcc, DAergic VTA efferents target also the amygdala, NAcc, and PFC. 60 The amygdala sends excitatory, presumably excitatory glutamatergic, inputs to the NAcc and PFC, 38 and the PFC sends important descending, excitatory inputs to the NAcc, 61 VTA, 62 and various amygdalar subnuclei. 38, 53, 54 In addition to these 4 regions, the HC and various thalamic nuclei functionally interact with the cortex, VTA, and amygdala, and these connections are modulated by DA transmission. 61 While neither the HC nor the thalamus are implicated directly in emotional processing, the HC is critical for the transmission of contextual learning elements, and the thalamus serves as a primary relay center for the organization of incoming sensory input. Although the complexity of these functional interactions appears overwhelming, several important implications for the processing of emotional information in schizophrenia are emerging.
For example, West and Grace 61 have proposed a functional model wherein converging glutamatergic inputs from the HC and BLA onto spiny projection NAcc neurons regulate PFC throughput to limbic/motor NAcc output pathways. In the context of schizophrenia, it is proposed that dysregulated gating of cortical inputs by hippocampal inputs may result in hypoactivity in accumbal-pallidal circuits, possibly contributing to the ''negative'' symptom profile of schizophrenia, whereas disturbances in amygdala-mediated inputs to the NAcc lead to exaggerated influence of amygdalar inputs to the NAcc, resulting in aberrant emotional processing and conceivably leading to the disturbed emotional processing underlying the ''positive'' symptoms of schizophrenia. Given the critical role for the BLA in the encoding and signaling of emotionally salient information, one possibility is that converging inputs from the PFC and BLA may serve as an integration mechanism for emotionally salient sensory information encoded in BLA amygdalar neurons. 53, 54 Such a mechanism may interact with motivational drive from the mesolimbic DA pathway originating in the VTA which would conceivably implicate the NAcc as a nexus point for the integration of motivational signals from the VTA DA system and emotional information from the amygdala. Nevertheless, further evidence is required in order to fully characterize the role of the NAcc in the processing and/or integration of emotionally salient information. Thus, it is presently not known if neurons in the NAcc, which anatomically serve as a nexus point between amygdala, VTA, and PFC inputs, actually serve to encode emotionally salient associative encoding or rather act as a nodal motivational/motor output action integrator during behavioral responding. In other words, do NAcc neurons subserve the acquisition and/or encoding or simply the expression of emotional learning and memory? One possibility is that the NAcc serves as a behavioral response/ output generator based upon converging emotional, associative, contextual, and motivational inputs from the BLA, PFC, HC, and VTA, respectively (figure 1). Future studies are required to examine these questions more specifically.
Beyond the NAcc-PFC circuitry, recent evidence points increasingly to a crucial role for neuronal subpopulations within the PFC and amygdala as active encoders during the acquisition, expression, and extinction phases of both emotional learning and memory. [51] [52] [53] [54] [55] [56] [57] [58] Thus, the functional and anatomical connections between the amygdala, particularly the BLA, and the PFC are increasingly recognized as a critical corticalsubcortical emotional processing circuit, and one that appears disturbed in schizophrenic patients. [41] [42] [43] Animal research has found that ascending inputs from the BLA to the PFC are necessary for the transmission of emotionally salient learned associations to individual neurons within the medial PFC. 34, 51, 52 In particular, specific subpopulations of neurons within the PFC that receive monosynaptic inputs from the BLA can actively encode and express emotional conditioned associations, an effect that is blocked by inactivation of the BLA prior to the learning taking place. 51, 52 Neurons within the PFC are particularly interesting in this regard because they are also critical for transmitting extinction information while the animal ''unlearns'' a previously conditioned emotional association. [55] [56] [57] Future studies are needed to fully characterize the neuronal populations that may be differentially involved in these emotional learning phenomena.
In addition to the BLA>PFC pathway, PFC neurons send important descending inputs to the amygdala and can control emotional learning and neuronal activity of single neurons within the amygdala during emotional associative learning processing. For example, stimulation of PFC inputs to the amygdala can block the ability of amygdala neurons to encode emotional learning. 54 This has important implications for prefrontal cortical pathology in the schizophrenic syndrome; a loss of PFC inhibition on emotional processing mechanisms within the amygdala would likely render the individual incapable of accurately encoding the emotional salience of incoming sensory information from the sensory cortex or motivational signals arising form DAergic input from the VTA. Together, this evidence points to critical corticalsubcortical functional interactions between the amygdala . Neurons within the BLA may serve as a primary integration center for emotional and/or motivational signals with incoming cortical sensory. However, PFC neuronal subpopulations also encode emotionally salient conditioned associations, and this process requires active BLA inputs. 51, 52 In addition, descending inhibitory influences from PFC to the BLA can strongly modulate both the acquisition of emotional learning in the amygdala and the extinction of learned conditioned associations. It is presently not known whether learned emotional associations and memories are first integrated within the amygdala and then transferred to higher cortical regions for long-term storage or if both regions may simultaneously encode these associations. Converging outputs from BLA, VTA, and PFC may integrate the behavioral output or motivated response selections mediated by the NAcc.
and PFC during the encoding and expression of emotional learning and memory formation. As will be described presently, DA inputs from the VTA to both these regions seem to modulate these emotional processing circuits and regulate cellular and behavioral emotional learning and memory plasticity.
DA Regulation of Emotional Learning Plasticity in the Amygdala-Prefrontal Cortical Circuit
Considerable evidence from both the human neuroimaging and animal research literature now points to a critical role for emotional processing circuits within the amygdala-prefrontal cortical circuitry in the underlying pathology of schizophrenia. Given the importance of DA transmission in the underlying pathology of schizophrenia, it is perhaps not surprising that DA receptor signaling is crucial for emotional learning plasticity and memory encoding within this circuit. For example, DA transmission is required for encoding aversive conditioned associations both in the amygdala and PFC; systemic or local blockade of DA receptor activation in these brain regions prevents the acquisition and expression of learned emotional associations at the level of the single neuron. [51] [52] [53] Blockade of DA receptors within the amygdala impairs the recall of emotionally salient conditioned fear associations 63 and prevents the formation of associative plasticity in the form of long-term potentiation within the lateral amygdala. 64 Within the medial PFC, blockade of the DA D4 receptor subtype prevents the expression and acquisition of fear-related behaviors and emotional associative learning both behaviorally and in single neurons, 51, 65 demonstrating the critical role of DA receptor transmission for the processing of emotionally salient information within this circuit.
In terms of disturbed DA signaling within neural emotional processing circuitry in schizophrenia, perturbations in the laminar distribution of DA D2 receptors have been reported in the cortex of postmortem human schizophrenics. 66 While there is a wealth of evidence implicating disturbances in amygdala activity during the processing of emotionally salient sensory information in schizoprenia, [67] [68] [69] there is less direct evidence for disturbances in amygdalar DA transmission as an underlying cause of the aberrant emotional processing. Reynolds 70 found evidence of increased DA levels specifically within the left amygdala of schizophrenic patients; however, as with many postmortem tissue analyses, the potential confounding effects of medication cannot be ruled out. Future studies are required to more fully characterize potential disturbances in amygdalar DA transmission in the context of schizophrenia and emotional processing, particularly given the increasing evidence implicating the importance of amygdalar DA signaling in the regulation of emotional associative learning and memory.
One consistent finding in the literature is the demonstration of perturbed DA transmission within the thalamus, a subcortical structure with intermediate levels of DA D2 receptors. 71 Using raclopride-C11 positron emission tomography imaging, Talvik et al 72 reported lowered levels of DA D2 receptors in the thalamic region of patients with schizophrenia, suggesting an increase in presynaptic DA release in these patients. Although there is no direct evidence that the thalamus serves as a primary site for emotional information processing, the wellknown role of the thalamus in sensory gating and integration may suggest that DAergic disturbances within this region may be involved importantly in the disturbed sensory gating present in patients with schizophrenia, particularly via functional interactions with the HC, VTA, and PFC. For example, Floresco and Grace 73 reported that the mediodorsal thalamus exerts complex gating control of HC and VTA input to the PFC and can both facilitate excitatory HC input and inhibit VTA-mediated inhibition of individual PFC neurons, further implicating thalamic inputs to the PFC in the integration of emotional, motivational, and contextually salient information. Future research will undoubtedly shed light on how thalamic interactions with neural regions involved in emotional processing, learning, and memory may modulate these psychological processes, particularly in the context of disturbances in DAergic transmission within this circuitry.
Neuroplasticity of DA Transmission and the Modulation of Motivational and Emotional Processing: Implications for Schizophrenia
Recent research endeavors, particularly in the fields of behavioral neuropharmacology and electrophysiology, have examined the plasticity of DA transmission both at the systems and single-neuron levels of analysis. Indeed, DA pathways demonstrate considerable plasticity particularly following repeated administration of psychostimulant drugs that potentiate DA release and receptor activation within the mesocorticolimbic system. Typically, such studies measure the locomotor activity of rodents throughout the course of psychostimulant drug exposure and find that with repeated, intermittent administration of DA-stimulating drugs, the animal begins to display a hyperlocomotor response in the presence of the drug. [65] [66] [67] Other indications of psychotic-like behaviors induced by psychostimulants, such as amphetamine, include perseverative stereotypical behavior patterns, which also display sensitization. In an extensive review of this evidence, Lieberman et al 33 proposed that a neurodevelopmental process of DAergic sensitization induced by a combination of predisposing genetic variables and intermittent life experiences, such as severely stressful life events, may underlie the eventual manifestation of schizophrenia by inducing pathological sensitization of DAergic signaling pathways, which in turn leads to remittent episodes of psychosis. Several pieces of compelling evidence suggest that plastic alterations in DA transmission may underlie the disturbed motivational and emotional processing observed in of DArelated disorders, including addiction and schizophrenia. As previously noted, high doses of psychostimulants induce psychotic symptoms, including hallucinations and disturbed cognitive processes, which mimic schizophrenia in previously healthy individuals. 29, 74 In addition, psychostimulants exacerbate psychotic symptoms in schizophrenic patients, 32, 75 an effect that can be blocked with DA receptor antagonist pretreatment. 30 If a pathological sensitization of DA transmission underlies the psychotic manifestations of schizophrenia, can such a process account for the disturbances in motivational and emotional processing observed in schizophrenia, and if so, which neural circuit(s) may be primarily affected by such DAergic abnormalities? The overwhelming majority of DA sensitization research has focused on behavioral correlates of drug sensitization, such as hyperlocomotion. This focus primarily has been upon the mesolimbic system in the context of addiction. Nevertheless, to date, there is no compelling evidence that psychomotor correlates of psychostimulant administration are functionally related to the modulation of emotion and motivation. If plasticity within the mesocorticolimbic DAergic system as a result of dysregulated DAergic tone were responsible for emotional and motivational disturbances in schizophrenia, it would be reasonable to expect changes in emotional and motivational processing as a result of a sensitized DA system. Indeed, given the important functional interactions between the mesocorticolimbic DA system with the amygdala and frontal cortex summarized in figure 1 , ''sensitized'' or otherwise dysregulated DAergic input to this amygdalaprefrontal cortical emotional learning circuit may underlie the distorted emotional processing, learning, and memory encoding observed in schizophrenia. In figure 2 , I present a hypothetical schematic wherein disturbed DAergic transmission from the VTA to the BLA>PFC circuit could potentially distort emotional processing, learning, and memory encoding. For example, DA receptor activation potentiates amygdala neuron output and excitability, 64, 76 an effect that may be expected to amplify emotional signaling within the BLA or along its output pathways and which could also disturb the balance between incoming sensory information to the amygdala and the motivational salience being attributed to such information due to amplified DAergic salience signals arising from the VTA. To the extent that DA signaling may represent a ''reinforcement'' signal, these aberrant DA signals arriving at the BLA simultaneously may maladaptively reinforce distorted associations between sensory inputs and amplified emotional/motivational salience. In addition, increased DAergic input to the PFC may serve to inhibit neuronal subpopulations within the PFC that normally provide inhibitory influences upon amygdalar emotional processing neurons [54] [55] [56] ( figure 2) . Furthermore, increased activation of BLA output neurons to the PFC caused by hyper-DAergic VTA inputs may amplify emotional associative learning and memory encoding within PFC neurons through the BLA>PFC circuit. If PFC neurons encode long-term storage of these conditioned emotional associations, these aberrant learned associations and memories would become increasingly and persistently embedded within this emotional memory circuit.
In terms of motivational processing, certainly chronic exposure to various psychotomimetic drugs known to activate the DAergic system can induce qualitative alterations in how the DAergic system regulates drug reward information. 77, 78 For example, chronic opiate or nicotine exposure is sufficient to induce a switch to DA-dependent neural motivational system during the addiction process, whereas in previously drug-naive animals, DA transmission is not required for mediating the rewarding, ''hedonic'' properties of these drugs. 79, 80 Robinson, Berridge, and colleagues [77] [78] [79] have proposed an ''incentive salience'' sensitization model which proposes that DA transmission signals the incentive or motivational ''salience'' of appetitive cues, such as drugs of abuse, and that this process occurs gradually over time with continued and intermittent exposure to psychostimulant drugs. While this model does not directly address the implications of DAergic plasticity in the context of emotional and motivational learning and processing in schizophrenia, it provides an interesting framework wherein plastic alterations in DA signaling over time may similarly lead to aberrant attribution of emotional or motivational salience to stimuli in the environment which under normal circumstances would be ignored and/or placed within its appropriate emotional or motivational context.
As suggested at the outset of this review, one feature of schizophrenia is the consistent attribution of inappropriate emotional and motivational salience to sensory stimuli in the environment, either real or imagined. Schizophrenics often cannot ignore sensory signals (such as auditory or olfactory hallucinations) possibly because such stimuli are inappropriately tagged with emotional salience. Indeed, drug addicts exhibit similar patterns of disinhibited control of emotional reactivity when they encounter conditioned cues within their environments that trigger drug-experience associations and memories. However, is there evidence from a functional neuroanatomical perspective to suggest that sensitization along the mesocorticolimbic system may indeed cause disturbances in emotional or motivational processing? One conceptual difficulty arising from the extant animal drug sensitization models is that no consistent demonstration of an ''emotional'' component to DA-related sensitization phenomena has been elucidated. Thus, the presence of potentiated locomotor activation following intermittent administration of DA agonist drugs says little about the underlying emotional and/or motivational processes that may or may not be influenced by chronic psychostimulant drug exposure. Indeed, little evidence suggests that a sensitized DA transmission within the mesolimbic circuit specifically underlies alterations in emotional or motivational salience attribution. Thus, it is presently unknown if a sensitized mesolimbic DA system could be responsible for the emotional processing and perception disturbances observed in schizophrenia. Nevertheless, increasing evidence suggests that potentiated DA neurotransmission in substrates beyond the NAcc may be related to disturbances in emotional learning and processing, particularly within the mesocortical pathway, as will be discussed presently.
To examine how neurodevelopmental disturbances may lead to neuropathological alterations related to schizophrenia, several animal models have been developed using pre-or postnatal chemical lesions or chemotoxic exposure protocols in an attempt to induce neuroanatomical, neurochemical, and/or behavioral symptoms characteristic of those observed in human schizophrenia patients. Several of these models have demonstrated DA sensitization-like phenotypes with corresponding behavioral indices of disturbed DAergic processing primarily within the VTA>PFC pathway along with corresponding behavioral abnormalities consistent with sensory and behavioral disturbances observed in schizophrenia. For example, Lipska et al 81 demonstrated that neonatal lesions of the ventral HC induced profound alterations in behavioral responsiveness to amphetamine and stress. Further studies linked these effects to disturbed neuronal activity within the VTA>PFC pathway such that neurons within the PFC demonstrated markedly potentiated neuronal responsiveness to VTA inputs. 82 Rajakumar et al 83 reported that neonatal injections of a p75 antibody into the developing PFC of rats induced a hyper-DAergic phenotype in adult rats characterized by sensory processing deficits and potentiated locomotor and stereotypical responses to systemic amphetamine administration relative to controls. These effects were correlated with specific disruptions in PFC neuronal development related to disturbed neurotrophin activity during this developmental window. Lavin et al 84 reported that prenatal exposure to mitotoxin methylazooxymethanol acetate in rats lead to an adult phenotype characterized by hyperresponsiveness of PFC neurons to stimulatory inputs from the VTA concurrent with decreased neuronal responsiveness to DA administration. All these neurodevelopmental animal models of schizophrenia have reported behavioral abnormalities in response to stimulation of DA substrates; effects that were correlated with disturbed neuronal signaling between subcortical (VTA) inputs to cortical target neurons. Amphetamine-induced sensitization of DA systems has been reported to disturb emotional processing and learning within the amygdala. 85 In addition, amphetamine sensitization of hallucinatory behaviors is dependent upon the PFC because PFC lesions block the ability of DA sensitization to potentiate hallucinatory-like behaviors in primates. 47 Interestingly, these same PFC lesions enhanced locomotor sensitization in these animals, suggesting dissociation between DAmediated locomotor sensitization and the psychotic symptoms of schizophrenia. 47 Fletcher et al 86 have demonstrated that amphetamine sensitization can induce attentional deficits in a 5-choice serial reaction time test in rodents and that this effect can be reversed by D1 receptor activation within the PFC. Together, this evidence points to an important role for DAergic modulation of the amygdala-cortical emotional learning circuit and suggests that subcortical disturbances in DA transmission can profoundly influence emotional processing and learning within this emotional learning circuit. While further studies are required to better understand how disturbed DA transmission may specifically modulate emotional processing within the amygdala or PFC, the corresponding evidence from human neuroimaging studies that have reported disturbances in amygdalar and PFC regions [87] [88] [89] during the processing of emotionally salient information in schizophrenic patients point to an important role for this circuit in the context of cortical-subcortical DAergic signaling abnormalities in schizophrenia.
Summary: DA as a Final Common Pathway for Emotional Processing Disturbances in Schizophrenia
Human and animal research has demonstrated a fascinating and multivariate role for DA transmission in the processing and encoding of emotionally salient information, both at the anatomical and signal transduction levels of analysis. Undoubtedly, DA represents a critical neural receptor substrate in the clinical treatment of psychosis. However, whether the DA system represents a final common pathway in either the etiological or symptomatic phases of schizophrenic pathology is a contentious issue for a variety of reasons. First, the heterogeneous nature of schizophrenic psychopathology makes it exceptionally difficult to pinpoint a specific role for DA transmission that could account for both the positive and negative symptom spectra. However, this conceptual difficulty is largely determined by how we envision the role of DA transmission in the context of emotional and/or motivational processes. For example, given the increasing evidence implicating DA transmission in both appetitive and aversive emotional stimuli, it is conceivable that dysregulated DA transmission acting on emotional processing circuits that are responsible for positive and negative affective valences could ultimately be responsible for disturbances in inappropriate ''reinforcement'' of maladaptive conditioned emotional associations or for the flat affect and lack of motivational drive characteristic of the negative symptoms. This could be conceptually consistent with the notion that DA transmission, rather than serving as a specific emotional valence signal, serves to ''tag'' the emotional salience of incoming sensory information, regardless of valence. In addition, psychosis-like phenomena can be induced by drugs that do not directly interact with DA receptors. For example, phencyclidine, which interacts with glutamatergic signaling pathways, is well established as a psychotomimetic agent and, similarly to DA activating drugs, can exacerbate psychotic relapse 90, 91 Further, anticholinergics and/or drugs that interact with the cannabinoid CB1 receptor system, both induce schizophrenia-like psychotic symptoms. 34, 92 Nevertheless, all these neurotransmitter systems functionally interact with DAergic substrates, particularly during the generation of psychosis-like symptoms. 34, 93 Thus, a critical challenge for neuropharmacologists and behavioral neuroscientists is elucidating the relative roles of these disparate neurochemical pathways and their functional interactions with DA systems, which still represent the most critical clinical target of all effective antipsychotic treatments. 24 Understanding how the neurochemical pathways responsible for emotional processing interact with one another at both the molecular and neuroanatomical levels will hopefully lead to the development of pharmacotherapeutic compounds that can target multiple receptor substrates and/or modulate functional interactions between these emotional learning and memory encoding circuits. Indeed, identifying pharmacological targets that can modulate or normalize aberrant emotional processing and encoding may have tremendous treatment potential for patients with schizophrenia.
Nevertheless, the question remains: do disturbances in DAergic regulation of cortical-subcortical emotional processing circuits represent a final common pathway for the spectrum of symptoms observed in schizophrenia? The potential answer to this question will largely depend upon our criteria for a final common pathway. In this sense, such a system would likely display ''plasticity'' in the sense that the psychotic and other manifestations of schizophrenia are not static but emerge, regress, and reemerge in a labile manner. Certainly, as the evidence discussed above has suggested, DAergic modulation of emotional and motivational processing meets this plasticity criteria. Second, such a system would likely be vulnerable to neurodevelopmental insults that could in turn lead to the later manifestation of schizophrenia, consistent with the typical onset of schizophrenic psychopathology in late adolescence and early adulthood. As noted previously, the DAergic system is highly vulnerable to both pre-and perinatal disturbances that can lead to adult-onset phenotypes similar to schizophrenic symptoms. Third, disturbances in such a system would likely be capable of inducing both positive-and negative-like manifestations of schizophrenia. Given the emerging conceptualization of DAergic signaling as an emotional salience signal irrespective of valence, it is conceivable that disturbances in DAergic regulation of corticalsubcortical emotional learning circuits may underlie aberrant reinforcement of incoming sensory information, leading to distorted emotional learning and memory formation. This process may ultimately result in the inability to perceive, respond adaptively, or understand the emotional significance of either the internal or external sensory environment. The ongoing convergence of neuroscience research in both the animal and human domains will hopefully elucidate more clearly the significance of cortical-subcortical interactions in the context of DAergic regulation of emotional processing as the search for a final common neurobiological pathway for schizophrenia-related pathology continues.
